Comparators
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Use An OPAMP as A Comparator

® Use for signal levels comparison to generate an output with a digital level
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® Disadvantage
¢ Slow response: Settle too slowly for large voltage output
¢ Limited resolution: Due to input offset voltage

® Offset cancellation: ¢,, IS a slightly advanced version of ¢, so that
charge-injection effects are reduced o
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Use An OPAMP as A Comparator (Cont.)

¢ ¢, and ¢, are non-overlapped clocks

(0 b, (I)in T ! i _
(I)ino_‘?)_g_D)_D).i (I)l :
|
v (I)la I :
| D > — ! —
o ; 7] '
) ’ nT-0.5T nT o
& Reset phase: ¢, high, ¢, low VetV oo
Stable OPAMP compensation required ®, \l \
During ¢, = High (t=nT-T/2) Vourtvino—¢"o wim -

Vout = VCM T Voff

¢ Comparison phase
During ¢, = High (t = nT)

Vout = _A[(VCM + Vip + Voff) - (VCM + Voff)]
= —Avj,
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Use An OPAMP as A Comparator (Cont.)

¢ If OPAMP noise is considered, then v, should be replaced by
V¢ + V, (ignore the V,, noise) V(nT) i.e. V(n)

T, . 1

>V, (NT) = -Alv;(nT)+v, (N T-T/2) —v(nT)] V(nT-2) ie.Vin-2)
V(nNT-T) i.e.V(n-1)

> Voul(2) = AV, (2)-V,(2)(1-z°%)] (Correlated Double Sampling, CDS)

z=e";0=2nf V(n) — V(2)

: 1 1
® Speed up comparison time clock signal V(n —E) — 727 2V(2)

& Compensation capacitor can be disconnected V=1 —2z7'V(2)

(by turning Q, off) (5 Voo
T T

Vi oV,
¢ ]Qﬂj?ir ?EC ¢ oVout
g
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Use An OPAMP as A Comparator (Cont.)

® No need for V,, to charge C in the example above
® Poor clock arrangement ¢,

¢, C ‘
V. o—3 o ) -

|
Senfowal :
VCM /VREF VCM

¢ V, needs to charge C during ¢, is high
¢ Signal-dependent charge-injection (explained later in p7-12)
® Parasitic capacitance

i Lc
AY — i I__I_—I:=I
J1 - T Cparasitic _l_ Cparasitic
¢ V,, needs to charge C,, i substrate
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Correlated Double Sampling (CDS)

® Offset cancellation technigue not only eliminates input offset voltage but
also minimizes errors caused by 1/f noise

¢ Recall that
Vout(z) = _A[Vin(z) — Vn(z)(]- — Z_OIS)]
Let HCDS(Z) =1 — Z_O'5

z=e]®T —joT —joT wT _
—_— HCDS(Z) =]1—e 2 =¢e 4 - ZJSIH(T) (eJCOT:COS((DT)+jSin(Q)T))

. T
|HCDs(e]wT)|2 = 4Sin2 (wT)

¢ From time domain waveform, if noise frequency = kxf,
: Sampling frequenc
> When k is an odd number, S
C

noise cannot be canceled fc *\/\/

> When k is an even number, 2f, \/\/\/\
noise can be fully canceled 3f, \/\/\/\/\/\
MAVAVAVAVAVAVAV/
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Correlated Double Sampling (CDS)

® Noise shaping function Hps(e/®T)

of 3f,

C

(noise frequency)

4 sampling frequency

\equivalent Input noise of comparator

> f (noise frequency)

o

' Output noise power

w of comparator
' — — f

f of 4f

C Cc
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Chopper-Stabilized Amplifier

® Can also be used to reduce 1/f noise

® Basic concept M, M
A B 2 C
+ Block diagram Vin ’? ’Q ’ %l b Vout
V2
f, ’ f

¢ |nput spectrum

Vit
¢ Noise spectrum r
P S(f)Ik
f, f
¢ The spectrum at vV, ‘2
node B ° I\ - —~___
f,, f, f

»

¢ The spectrumat v |*/A?

node C N Jl\
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Chopper-Stabilized Amplifier (Cont.)

® Implementation example
¢ A differential chopper-stabilized OPAMP

¢ o o 0
V. o T * -}o—
+ + + \V
3|f =] | 12
Vip 04— -l;:-<,_> ¢ F.—_ Vo
il )
Vi, o—+ Vou
V0 - V).
¢
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MQOS Switches
G
|

- D —

o, O

: . w 1
® Usual Case : |Vgs — V| > |Vps| = 1= pCox—[(Ves — V1)Vps — EVSS]

® MOSFET behaves like a linear resistor of value
1

Ron =
\W%
MCox T~ (VGs — V)

® Gate - control terminal
® Drain - input/output

_ } could be exchanged
® Source - input/output
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MQOS Switches

® Channel charge redistribution

¢ When switch is turned off, the channel charge is swept in part into
drain and in part into source.

G G
S D S D
p-sub on p-sub 0
=— T
2
® Clock feedthrough J AV,
AV S\ V(I)I_G §
PTG Y A C
C L 1
AV, = —L— AV, ST iy, TVes T 6
CZ + Cy V ® + P — v — + ° V
o1 D, S | 2
c,—= s —g,
-
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Charge-Injection Errors

® Two major sources
¢ Channel charge of a transistor with V=0
Qcu ® WLCoxVerr = WLCox (Vs — Vin) = Cgveff
» MOS switches off = Q. flows from channel to drain & source junctions
» For n-channel MOSFETS, channel charge is negative
+ Clock feedthrough due to overlap capacitance Cy or C
(Channel charge injection dominates)
® Signal dependent charge-injection

¢ Example
G | o[ G
S D slL—po

® Signal independent charge-injection

1910
19, '|I[

v, l%—l%” il__EJ_VM
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Charge-Injection Errors (Cont.)

® Example o, J— i c—vee; ’ Osa

(ﬂ’)lo-_’:__l = v\/CM
OVZ-E— VCM
V' Vewm
¢ When Q; turns off and Q, turns on (V' =V,,)
> V" change due to channel charge (assuming %QCH) ------ (1)
Ay = Qen/2) - WslsCox(Vop — Vem = Vin)
C 2C
» V' change due to clock feedthrough --------- (2)
AV” — _ (VDD B GND) C:ov?}
C,:+C

(2) is normally less than (1)

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 7-13

A

© % %, Analog IC Design, 2025



Clock Feedthrough Charge-Injection Compensation

® Method-1 :

_ A
¢ ¢ [\ [\
B I ¢ >t
W W/2 o [\ [\ [\
> {
® Method-2 :
¢ Uses CMOS transmission gate o s Condition: ¢=1
&)
¢ % Ron,pmos I:Qon,nmos
. s
T Ron,total.":- |:\)on,pmos”F\)on,nmos
¢ >V

® However, the distribution of the charge is unpredictable, this make
perfect clock feedthrough compensation very difficult with any scheme.
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Making Charge-Injection Signal Independent

|1
® Nonoverlapped clocks 1a b, Pin L ! L
(I)in (I)l l l
(I)la | : !
b OP T |
® Signal-independent charge injection  P2a ? 2td(inv)2td(iny)
On_?_q)la oﬁ_?_¢1a

Vout

CVoff + Qchrg(la)
—CVosr — Qchrg(la)

C Vout= A(Vin + AVchrg)
Vore AVchrg = Qchrg/C

Vem
CVorr + Qchrg(la) CVosr + Qchrg(la)
—CVofr — Qenrg(1a) —CVofr — Qcnrg(1a)

® Constant charge-injection error can be treated as a DC signal and thus can be
ignored in most signal processing applications.
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Minimizing Errors Due to Charge-Injection

® Use larger C
¢ Large silicon area
¢ Large parasitic capacitance(Typically, ~20%C)
¢ Large power consumption
® Use fully differential design
¢ Errors will typically be at least ten times smaller than in the single-

ended case
_?_(I)Z C (I)la_?_
oIy} [
v el >:+Vout
in (I) VCM + = -
g C 1

=
>
QO

(I)lo_|%; ¢r.d ’
V,

CM

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 7-16 3" iTR %, Analog IC Design, 2025



Minimizing Errors Due to Charge-Injection (Cont.)

® Realize a multi-stage differential comparator

(For simplicity, single-ended case is used for explanation)
¢ Very-high resolution comparator

¢ Multi-phase clocks, Which slow down the circuit

"
¢>1
Vin + Ve °—/ _EDL ril > ‘ ? [ ‘
0 |
¢ — ' |
v [ | —
"
oy — | '
¢, T I I
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Minimizing Errors Due to Charge-Injection (Cont.)

® \When ¢, turns off ® When ¢, turns off
1 1
Voo ¢/
Vop
GND '_‘} GND_I_(I)l
Negative C 1;: = Cou1 I s
charge i/,_ ,_|—0V 0 Nehgatlve C0V2 = T = Cop2 ]
|nject|on C .C. arge - ;
_|2 Cs Injection Qz
(I)l Cl prrosssss 7 amemneas I— -
OAl \ OA2 C2 BA2 A C3 CI. .........
—A 1AV, DA3 C,
C CAV2 —A)AV,
2 ) ;
—|I— —i— —— i
Avl A AVl A AV+AV, AyAV,

® Comparison phase

(I) ! : 7
v ¢ ) Cy / c1
R

VintAVy -AVintAV, A1AVintAV3  (Input equivalent = AV3)

A1A2A3
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Minimizing Errors Due to Charge-Injection (Cont.)

¢ A high-speed multi-stage comparator using inverters
0, g " "1
1 JT T

@)
o
'

In

0, 0 inverterl inverter2 inverter3
1

¢ —
O) —
-
o7 L.
b2 ..J L
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Speed of Multi-Stage Comparators

® Typically, each stage consists of a single-stage amplifier that has only a
90° phase shift and therefore does not need compensation capacitors.

® oV

Vino_l_, C== I., sz:Jli 4' Craee

® The parasitic load capacitance at the output of the it" stage is
approximately given by C; = Cy; +Cyq 14

where C,; is the output capacitance of the it stage
Cys.i+1 IS the gate-source capacitance of the input transistor of
the succeeding stage
¢ Normally Cy; < Cyq iy =C,;<2C
Taking C,=2C . ; (as a worst case)
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Speed of Multi-Stage Comparators (Cont.)

® The transfer function of a single stage comparator (or amplifier) can be
approximated as

Ag-i
1+ s/wp_j

Ai(s) =

where -3dB frequency

Wi—i 1  8mj
Ag-—j Ag-—j 2Cgs—i

Wp—j = , Where o, IS the unit gain frequency

Hence, time constant

1 N 2A(_;C

“b—iN 8&mi

® The overall transfer function for a cascaded n-stage comparator
Ag—1 " Ag—2 -.Ag_n

gs—i

Ty =
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Speed of Multi-Stage Comparators (Cont.)

Ignoring higher-order terms results in

[TAo-; A%
Atotal(s) = 1 = s
1+ s(),,—
¢ Time constant
2nA_.C
Trotal = 078 ~ 2nA, Tt = nT;
ém 1 ¢
gs
where 1 =—=—"2 1, = 2A,17
(‘)T gm

o IS unity-gain frequency of a single amplifier

® A single OPAMP with the same gain as the multi-stage comparator

Ag) = e P
A+ )+ )" 1+~
< W, 2

1 BN

Dominant pole  (n-1) nondominant poles
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Speed of Multi-Stage Comparators (Cont.)

Time constant> 2A;t

A
Q)
A] : \+— npolesat —
. . 0
o \
1 2An /\
(n-1) poles at > ?
¢ Lower speed compared to multi-stage one
2 W
o Cgs = gCoxWL and 0, =pC,, Tveff
4nA, L
— Ttotal = 3 \V/
Hn Vet
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Speed of Multi-Stage Comparators (Cont.)

n

Tiotal = 2nA olt = ZAR Atotal Ty Note : — Anln(A)
For minimum 1,
OTy . 1 .
@tnt L= ZA?[i)taIT + 2n(_ n_)Aii)taIT In('A‘total) =0
=1-2In(A ) =0
n
= N = Ir](’A‘total)
— Atotal
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Latched Comparators

® Typical design: Preamplifier + track-and-latch stage
¢ A CMOS example

Vbp

L
Vieno-| 2 b b :—| b o Vien
vout_-o< _l 1_ _l ¢ Do— Vout

Vine | Vitch 0—| q ‘L‘_ |—0V|tch

oy~ J D =iy
7 2 F '_>;_'*L =

Preamplifier stage

Track-and-latch stage
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Latched Comparators (Cont.)

® Preamplifier
¢ 1 or 2 stages
¢ Two purposes
» To obtain higher resolution
» To minimize kickback effects
(kickback denotes the charge transfer either into or out of the
inputs when the track-and-hold stage goes from track mode to
latch mode)

resolution 1

& Typical gain : 4~10 gain { :>{ speed |

¢ Without a preamplifier or buffer, the kickback will enter the driving
circuitry and cause very large glitches, especially in the case when
the impedance seen looking into the two inputs are not perfectly
matched.
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Latched Comparators (Cont.)

® Track-and-latch
¢ Amplifies preamplifier output
¢ Use positive feedback to generate full-scale digital signal
(.e. Its equivalent gain is infinite during latch phase)
» Minimizes the total number of gain stages required
» Faster than the multi-stage approach
¢ Example

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 7-27 5% % %, Analog IC Design, 2025



Latched Comparators (Cont.)

¢ Comparator output waveform

7" ey Vref

OV,
V1
V02
Vol
........... V,
Reset
IComp Latch (STH) Comp Latch I(?Se/ist
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Latched Comparators (Cont.)

® Capacitive coupling and reset switches can be included to eliminate any
input-offset-voltage and clock-feedthrough errors, as described before.

® Hysteresis due to

¢ Circuit condition is not memoryless
eg. If a comparator toggles in one direction, it might have a tendency
to stay in that direction.

» In order to eliminate it, one can reset the different stages before
entering track mode.

¢ Input-transistor charge trapping
(will be described later)
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Latch-Mode Time Constant

® Simplified model of a track-and-latch stage in its latch phase

>0

Vy V,

40<|7

® Linearized model
: : A
(low-frequency gain of inverter A, =G, R, =G, =

A, i - +
RLVyé C —— RL? V, C. — I:\)L$_Vy

dv (t)] [vx ),

L

R
A, d (t) V. (t)
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Latch-Mode Time Constant (Cont.)

Let t=R, C_

1O v m=—av,0 O
dv. (1)

1| oTt 1+V, (1) =-A,V,(1) (2)

@-0 = (e

V

1=V, (1)

where V,(t)= V,(t) - V,(1) is the voltage difference between the output
voltages of the mverters

A, -1t

=V, (1) =V, (O)e k

where V(0) is the initial voltage difference at the beginning of the
latch phase

t _RCC

:>Tlatch:
A,-1~ A, G

m
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Latch-Mode Time Constant (Cont.)

C, =K,WLC,_, . K, =1~2
Gm — K2gm — Kzuncox %Veff ; KZ :15 - 2
K, L?
— Tlatch —
Ky By Vet

= Tiach depends primarily on the technology

¢ For a voltage difference of AV, to be obtained in order for
succeeding logic circuitry to safely recognize the correct output
value

2
Ton = o In(oeoty e, L (e
G Vo (O) “nveff Vo (O)
¢ If AV_(0) is small, this latch time can be large, perhaps larger than
the allowed time for the latch phase. Such an occurrence is often

referred to as metastability.

m
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Example of CMOS and BICMOS Comparators

® Example-1:

¢ A comparator that has a preamplifier and a positive-feedback latch
_‘5 Vo(t) o= Vp(t)

= 777 1

PreampPN_ V() | V()
AVi, @IG ain= SW1 : Vx(t. Dc :
| P § o< | ® |
: _:LatCh VDD A l I

b _Jitatch Vpp F-——- .
*—* Vpp/2 _?'____/__lL\_
swi1 sw2,sw3 o3 . | .
VDD o _ ____:__ VDD A L tl T >
Switch ||Switch, Switch | Switch Vy(0) | |
off off | on off | |
>t > I I
0 AW 0 ty T t Vpo/2 | 1
Switch on :
(Ay—1)(t-tq) 0 T > t
V(D) — V(D) = [A X AVip(1 —e /)] xe = ' T
J o\ ) Vo(t):VX(tl)'VY(t)
Y . Y_ Voo p-—————-—-- -
Pre-amplifying Latching ;
where A, C, and R, are the inverter gain, total capacitance of ' |

each node V, and V,, and total resistance of each node V, and V, 0
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Examples of CMOS and BICMOS Comparators (Cont.)

® Example-2:

¢ A two-stage comparator that has a preamplifier and a positive-
feedback track-and-latch stage

o

Vi, C.) Tkoqi T—II_‘..

Preamp Gain stage Positive feedback
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Examples of CMOS and BICMOS Comparators (Cont.)

® Example-3: A two-stage comparator

Latch o—

| Digital
signal —level

- _
\:°"|: A —|E|_ Hi El—-

Preamp Positive feedback
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Input Transistor Charge Trapping

® \When n-channel transistors are stressed with large positive gate voltages,
electrons can become trapped via a tunneling mechanism in which
electrons tunnel to oxide traps. During the time they are trapped, the
effective transistor threshold voltage is increased. This leads to a
comparator hysteresis on the order of 0.1 to 1ImV.

® The time constant for the release of these trapped electrons is on the
order of milliseconds and is much longer than the time it takes for them to
become trapped.

® This effect correlates well with transistor 1/f noise and is much smaller in
p-channel transistors.

¢ P-channel transistor exhibit much less hysteresis than n-channel
transistors.
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Input Transistor Charge Trapping (Cont.)

® One approach of minimizing this effect is to flush the input transistors
after each use where the junctions and wells of n-channel transistors
are connected to a positive power supply whereas the gates are
connected to a negative power supply. This effectively eliminates the
trapped electrons.

® Alternately, two input stages can be used for the comparator— a rough
stage can be used during times when large signals with overloads are
possible, whereas a fine stage can be used during times when accurate
comparisons are necessary and it can be guaranteed that no large
signals are present.
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